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We report on the wrinkle formation in a thin film produced by the sol-gel method. Through the relaxation of
stress, which results from the removal of the solvent during the drying process, an isotropic wavy pattern is
generated in the form of skeletal branches. The patterns have a dominant wavelength satisfying a relationship
of three-fourths order of thickness. Densification of the gelated film is enhanced by an increase in the volu-
metric strain caused by the evaporation of the remaining solvent from the film. The number of skeletal
branches and surface roughness increases as the annealing time progresses, without any change in the skeletal
wavelength.
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Pattern formation in thin films caused by the relaxation of
stress is a phenomenon that is frequently encountered both in
nature and in technologyf1–14g. One of these patterns is a
wrinkling, which occurs in the whole film as a result of the
relaxation of stress due to various types of instabilities
f1,5–14g. These wrinkle patterns, although they have a cer-
tain dominant wavelength associated with them, often ex-
hibit isotropic wave patternsf5–9,11–14g. In the case of the
bilayer of a polymer layer capped with a thin metal layer,
buckling can occur due to the difference in the thermal ex-
pansion coefficients between the two layersf5,8,9,13,14g. In
the event of the swelling of thin films, blistering surface
patterns are formedf11g. While wrinkle formation in thin
films has attracted a great deal of attention, few studies have
concentrated on the wrinkle formation of sol-gel-derived thin
films f4,15g.

In the present study, we provide a theoretical basis for the
wrinkle formation of sol-gel-derived thin films. The system
being considered is a metal oxide layer deposited on a sub-
strate by the sol-gel method. The stress in the system is gen-
erated during the drying process, which takes place at a tem-
perature above the boiling point of the solvent. The resultant
characteristic wavelength of the isotropic skeletal wavy pat-
tern, l, is determined to have the minimum system free en-
ergy. We also observed an increase in the number of skeletal
branches per unit area of the substrate.

The metal oxide sol used in our experiments was zinc
oxide sZnOd sol. The ZnO sol was prepared according to the
synthetic method described by Greeneet al. f17g. The as-
obtained sol was spin coated onto a bare silicons100d sub-
strate to form a 30–400-nm-thick film, and the prepared
samples were annealed in a vacuum oven at 150 °C for
0.5–48 h. The wrinkled structure was examined by a scan-
ning electron microscopesSEM, SE-3000, Hitachid and field
emission scanning electron microscopesFESEM, S-4200,
Hitachid. The average length of the skeletal branches, the
root-mean-square surface roughness, and the skeletal wave-

length of the patterns were measured by atomic force micro-
scopesAFM, Dimension 3100, Digital Instrumentsd.

In sol-gel-derived thin films, compressive stress due to the
difference in the thermal expansion coefficients between the
film and substrate is generated during the drying process,
which leads to bending of the gelated thin film. For the iso-
tropic wrinkle, a wave function in one direction with the
amplitude « and the wave numberk sl=2p /kd can be
adapted as shown in Fig. 1sad. The free energy per unit area
of the system, which is required to bend the film, is given
by f18g
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FIG. 1. sad The geometry of the deformed sol-gel-derived film
on a substrate.sbd Plane SEM images showing representative
wrinkle patterns in the form of skeletal branches for the ZnO film
sfilm thickness=85 nmd annealed at 150 °C for 18 hsscale bars are
from left: 50 and 2µm, respectivelyd. scd A cross-sectional FESEM
image of the wrinkle patterns of the film. The inset is a magnified
FESEM image of the wrinkled region.
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whereEm is the Young’s modulus,tm is the thickness, andsm
is the Poisson’s ratio of the ZnO film. The external strain
«2k2/4 in Eq. s1d is a constant for a relatively small value of
tmk stmk!1d f8g.

As the remaining solvent begins to evaporate during the
drying process, the network structure also starts to build up.
During this process, the solvent is drawn from the structure
since the network exposed to the environment with the larger
interface energy given by the solid-vapor interface instead of
the solid-liquid interface, and this constitutes a mass trans-
port satisfying Darcy’s law, which leads to spontaneous con-
traction of the network structuref16g. The structure deforma-
tion caused by this network contraction is similar to case of
the syneresis process in which continuing condensation-
reaction-derived spontaneous network shrinkage by expul-
sion of liquid takes place. The resultant networks usually
have an interconnected skeletal branch structure that is at-
tached to the substrate while the solvent is drawn from the
interior of the structure to the surface of the structure by the
capillary pressure gradient. Therefore, as in the case of ther-
mal stress induced by the difference in the thermal expansion
coefficients between the two layers, the drying process gives
rise to an internal stress. The internal stress is enough to
induce the bending of the gelated thin film; however, it does
not cause fracture of the film. And the stress in the gelated
film can be written with the effective syneresis stress, as
follows f16g:

sszd =
tpEm

s1 + smd
2VE

tm
Hk coshfks2z− tmd/tmg

sinhskd J ,

k =Îhs1 − 2smds1 + smd
4tpEms1 − smd

, s2d

wheretp is the relaxation time for the transition of the film
from an elastic state to a viscous state,VE is the volumetric
evaporation rate of the solvent per unit area of the film, and
h is the shear viscosity of the gelated body. The internal
stress can be considered to have az orientation in the whole
layer as a result of the constraint imposed by the substrate
when the syneresis occurs. The syneresis process is brought
about when the network of the gelated film is in the viscous
state, since no change in the skeletal wavelength of the
wrinkles was observed during the drying process in our ex-
periment. The free energy of the drying stress per unit area of
the system,Fd, can be calculated in the overall film using Eq.
s2d for sm= 1

3 as follows:
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Then, the total free energy of the wrinkled gelated thin film,
FT, can be written as follows:

FT = S3Emtm
3 k2

32
+

6tpEmVE

«2k2 D«2k2

4
. s4d

From Eq. s4d, the dominant wavelength of the skeletal
branches,l, is determined by minimizing the total system
free energy with respect to the wave number:

l = pS «2

4tpVE
D1/4

tm
3/4. s5d

The observed values ofl ranged from 270 to 1590 nm as the
film thickness increased from 40 to 369 nm. Representative
experimental results for the wrinkles are shown in Figs. 1sbd
and 1scd. As is apparent from the figures, these wrinkled
structures show an isotropic wavy morphology with a dis-
tinctive skeletal wavelength over the surface. Comparisons
are shown in Fig. 2 between the theoretical values obtained
from Eq. s5d and the experimental results for three different
annealing times, in which the thickness of the film was var-
ied. The skeletal wavelength of the wrinkles was measured
by fast Fourier transformationsFFTd examined by AFM. The
plots show a linear relationship between the natural loga-
rithm of l and the natural logarithm oftm, giving the value of
the slope of the line in the range between 0.727 and 0.756.
These values of the slope match well with the predicted
value 0.75 obtainable from Eq.s5d.

One interesting finding in this study is that the character-
istic skeletal wavelength of the wrinkles shows a dependence
on the film thickness, such thatl, tm

3/4 rather thanl, tm, as
is usually the case in the context of buckling. Sharp and
Jonesf11g reported this dependence of the wavelength on the
film thickness in the case of the swelling of polysd, l-lactided
film on a substrate. While buckling results from the relief of
thermomechanical stress, the wrinkle formation in the ge-
lated film corresponds not only to the thermomechanical
stress, but also to the drying stress. When the film is heated
to a temperature above the boiling point of the solvent, spon-

FIG. 2. Comparisons of the theoretical predictions with the dif-
ferent experimental data. Symbols are used to indicate the different
experimental data, and the three different lines corresponding to the
theoretical results are identified by the slopes referred to in the
inset. The dark square symbols, circle, and triangle symbols refer to
the wrinkle patterns of the ZnO filmssfilm thickness=85 nmd an-
nealed at 150 °C, for 2, 5, and 18 h, respectively.
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taneous contraction of the interconnected network and asso-
ciated bending of the film take place. In our experiment, no
wrinkles of any kind were observed when the films were
annealed at a temperature below the boiling point of the
solvent. Therefore, the drawing of the solvent from the film
plays a significant role in determining the distinct properties
associated with the process of the gelation, such thatl
, tm

3/4. Although almost of the solvent evaporates rapidly dur-
ing spin coating, the remaining solvent evaporates during the
drying process, which leads to the creation of a capillary
pressure gradient resulting in tensionf16g. This induces the
development of the stresses in the film, which are needed for
the skeletal network contraction. In the case of the wrinkling
of a lead titanate film, Senguptaet al. f4g reported that the
shrinkage of almost 40% of a gelated body that occurs
normal to the substrate is due to the loss of the remaining
solvent.

In comparing the wrinkle formation of the sol-gel-derived
film with that of thin bilayer films of an elastic metal on a
viscoelastic polymer, we found some differences in the kind
of wrinkling that occurred in these two cases. In the case of
the buckling of the bilayer, the annealing temperature is
raised above the glass transition temperature of the viscoelas-
tic layer, the layer experiences a transition of elastic to vis-
coelastic, and the wavelength has a characteristic relation,
such thatl=Atm/ fB+sC+ tm

3 d1/2g1/3 f8g, whereA, B, and C
are all constants. In the case of the wrinkling of the gelated
film, the temperature is raised above the boiling point of the
solvent and the film suffers a transition from viscous to vis-
coelastic. In this case, the film is subjected to a large amount
of stress, which gives rise not only to the bending of the film,
but also to the contraction of the skeletal network.

One notable finding in this study is the dependence of the
number density of skeletal branches on the annealing time.
The drawing of the solvent from the film leads to network
formation along with continuous contraction. This process
induces an increase in the volumetric strain of the gelated
body. Although this increase could be achieved by an in-
crease in the skeletal wavelength, in reality the wavelength
remains constant and, therefore, no skeletal densification oc-

curs throughout the entire length of the drying process. In
Fig. 3, the experimental results show that there is no differ-
ence among the skeletal wavelengths of the wrinkles in the
samples annealed for different time periods ranging from 2
to 18 h. In other words, the skeletal density does not vary

FIG. 3. SEM images of the temporal variation of the skeletal
branches of the ZnO film annealed at 150 °C.sad Wrinkle pattern of
85-nm-thick film annealed for 2 h,sbd annealed for 10 h,scd an-
nealed for 18 h, andsdd wrinkle pattern of 157-nm-thick film an-
nealed for 2 h,sed annealed for 10 h, andsfd annealed for 18 h.
Scale bars denote 10µm.

FIG. 4. sad Plane AFM image of skeletal wrinkles of 85-nm-
thick film annealed at 150 °C for 5 hs40 mm340 mmd. The FFT
image for the wrinkles is given in the upper right inset, and the
cross-sectional profile is shown in the lower inset.sbd Comparison
of the theoretical predictions with the experimental results of the
average length of skeletal branches. Solid lines and dotted lines are
used for the prediction of the wrinkles in the 157-nm-thick film
saverage amplitude=42 nmd and in the 85-nm-thick film
saverage amplitude=29 nmd, respectively. Dark and open symbols
are for the experimental results of the wrinkles in the 157-nm-thick
film and in the 85-nm-thick film. The inset is a simplified two-
dimensional model of hexagonally interconnected skeletal
branches.scd Comparison between theoretical predictions with ex-
perimental results of the rms. The solid and dotted lines represent
the predictions, while the dark and open symbols represent the ex-
perimental results as in the caption ofsbd. Volumetric evaporation
rate of the solvent per unit area of the film is assumed as 0.1 nm/h.
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during the drying process, and the network contraction con-
tributes to the shrinkage of the gelated film until the evapo-
ration of the remaining solvent in the network is completed.
As a result, the gelated film density is continuously in-
creases. Therefore, the contraction of the skeletal network
should be accompanied by a larger number density of skel-
etal branches, as is apparent in the experimental results per-
taining to the temporal variation of the surface wrinkle pat-
terns shown in Figs. 3sad–3scd and 3sdd–3sfd. A comparison
of the model of the two-dimensional hexagonally intercon-
nected skeletal branches of the gelated films with the experi-
mental results of the average length of the skeletal branches
and the surface roughnessfrefer to Fig. 4sadg can explain this
temporal variation. In the hexagonally interconnected skel-
etal branchesfrefer to the inset in Fig. 4sbdg, the volumetric
strain of the drying film,j, can be described as a function of
l and j, along with the average length of the skeletal
branches,l, as follows:

j = 1 +
8Î3«

3l
−

8«l

3l2
. s6d

The rate of increase ofj is determined by the relationship of
the evaporation rate of the remaining solvent,dj /dt
=2VE/ tm f16g, and therefore, the time profile of the value of
l can be calculated as follows, with the aid of Eq.s6d:

lstd =

2l0
2tm« + F4l0

4tm
2«2 −

4Î3ll0
2tm«Astd
3

G1/2

Astd
,

Astd = Î3VEl0
2t + 4l0tm« −

4Î3ltm«

3
, s7d

where l0 is the average value of the initial length of the
skeletal branches. As is apparent from Eq.s7d, the average
length of the skeletal branches decreases as the drying time
progresses and attains the critical value ofl, lc=2Î3l /3,
when t is equal to the critical time, as determined bytC
=stm« /3lVEl0

2dsÎ3l0−2ld2. Comparisons between the ex-

pected and experimental values oflstd are shown in Fig. 4sbd,
in which the film thickness is varied. To obtain the experi-
mental values ofl, the surface areas of the skeletal wrinkles
were measured by AFM. Whenl0 has the values of 6 and 4.2
µm, Eq. s7d predicts well the experimental results for the
157- and 85-nm-thick films, respectively. This temporal
variation of the skeletal wrinkles can be confirmed by the
experimental results of the root-mean-squaresrmsd value of
the surface roughness. The temporal variation of the rms
value can be expressed as follows:

RMS =H4Î3«2l

3lstd
F2 −

Î3l

3lstd
GF1 −

Î3l

3lstd
G2J1/2

. s8d

In Fig. 4scd, the rms–drying-time relationship is shown,
along with the theoretical expectations obtained from Eq.s8d
and the experimental data. The experimental rms values were
measured by AFM. As in the case of Fig. 4sbd, the theoreti-
cally predicted curves match well with the experimental re-
sults, whenl0 is 6 and 4.2µm, for thicknesses of 157 and 85
nm, respectively. The skeletal densification was not observed
during 2 days. If the increase in the number density is due to
the cross-linking of the network, larger stresses should lead
to rupture or cracking. In our experimental results, however,
these kinds of instabilities were not observed and, therefore,
the increase in the number density of the skeletal branches
could be considered to result from the increase in the volu-
metric strain during the drying process.

In summary, wrinkle formation in sol-gel-derived thin
film gives an isotropic wavy pattern, consisting of skeletal
branches with a wavelength satisfying the thickness depen-
dency,l, tm

3/4. This is a distinctive feature of wrinkling of
sol-gel-derived thin films, as opposed to that in other types of
thin films. The interconnected skeletal network of the film
sees an increase in the number density of the skeletal
branches as the annealing time progresses, and this can be
explained by an increase in the volumetric strain of the ge-
lated film.
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